Regeneration of muscle fibers, lost during pathological muscle degeneration or after injuries, is mediated by the production of new myofibres. This process, sustained by the resident stem cells of the muscle, the satellite cells, is finely regulated by local cues, in particular by cytokines and growth factors. Evidence in the literature suggests that nerve growth factor (NGF) is involved in muscle fiber regeneration; however, its role and mechanism of action were unclear. We have investigated this issue in in vivo mouse models of muscle regeneration and in primary myogenic cells. Our results demonstrate that NGF acts through its low-affinity receptor p75 NTR in a developmentally regulated signaling pathway necessary to myogenic differentiation and muscle repair in vivo. We also demonstrate that this action of NGF is mediated by the down-regulation of RhoA-GTP signaling in myogenic cells.
INTRODUCTION
Muscle growth and regeneration after damage recapitulates to some extent embryonic myogenesis and is mediated by the satellite cells, resident myogenic stem cells situated within a niche between the cell membrane and the basal lamina of muscle fibers (Tajbakhsh, 2003) ; muscle injury activates satellite cells, which start proliferating, and after several rounds of proliferation most of them differentiate and fuse to form new fibers or to repair the damaged ones; a minority of satellite cells however return to quiescence to maintain a pool of progenitors (Schmalbruch and Lewis, 2000) . Many positive and negative signals responsible for the regulation of myogenesis have been identified, which include transcription factors such as MyoD and related family members, MEF2 and Twist, as well as extracellular agonists, such as members of the insulin-like growth factor (IGF) and transforming growth factor (TGF)-␤ families, and fibroblast and hepatocyte growth factors (FGFs and HGF; Balemans and Van Hul, 2002; Parker et al., 2003) .
Although the role of many of these signaling molecules has been clarified, still unclear is the precise contribution to myogenesis of nerve growth factor (NGF), despite many studies having suggested a crucial role for the neurotrophic factor in this process.
The expression of NGF has been studied both in human and animal models of myogenesis: NGF is expressed in developing muscle (Ernfors et al., 1991; Wheeler and Bothwell, 1992; Ip et al., 2001) and is down-regulated after birth (Ernfors et al., 1991; Ip et al., 2001 ). It appears to be reexpressed in adult muscle in the course of pathological conditions such as muscular dystrophy (Toti et al., 2003) and amyotrophic lateral sclerosis (Kust et al., 2002) : de novo expression of NGF occurs in regenerating fibers and connective tissue myofibroblasts of the damaged muscles (Toti et al., 2003; Chevrel et al., 2006) , suggesting that it may have a proregenerative role (Menetrey et al., 2000) . Indeed, mice with functional knockdown of NGF signaling display signs of muscle dystrophy (Ruberti et al., 2000) . Interestingly, the de novo expression of NGF correlates with the reexpression of the low-affinity receptor for neurotrophins p75 NTR (Baron et al., 1994) . In addition, p75
NTR is expressed in Pax7 ϩ muscle satellite cells (Mousavi and Jasmin, 2006) and human primary myoblasts and myotubes (Baron et al., 1994) , and its expression appears to be mediated by MyoD, a musclespecific bHLH transcription factor, which is able to activate the p75 NTR gene promoter . This receptor binds dimeric NGF and in the nervous system is implicated in key processes such as cell death, survival, and axonal elongation (Bibel and Barde, 2000; Hempstead, 2002; Roux and Barker, 2002; Schor, 2005) . Taken together these observations and the fact that the expression of both p75 NTR and NGF is developmentally coordinated in muscle raises the possibility This article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E09 -01-0012) on June 24, 2009. that the NGF to p75 NTR signaling plays a role also in myogenesis (Rende et al., 2000; Reddypalli et al., 2005) . What is the precise function of NGF/p75 NTR signaling pathway in myogenesis and muscle repair and the definition of the cellular and molecular mechanisms activated by this pathway and involved in myogenesis, however, is still lacking.
Some studies were indeed performed but only in skeletal muscle-derived cell line models, the C2C12 and L6, which mimic to a limited extent the physiology and behavior of primary myogenic cells in vivo. In addition, these studies yielded inconclusive results that variously suggest a role of NGF and p75 NTR in proliferation and fusion and opposite effects on differentiation, without identifying the mechanisms of NGF action Seidl et al., 1998; Rende et al., 2000; Chevrel et al., 2006) .
We have now investigated the role of the NGF/p75 NTR pathway in myogenesis in vivo and dissected its biology in vitro using satellite cell-derived myogenic precursors that are a physiological model faithfully recapitulating the myogenic program in vitro. Our results show that a NGF/p75 NTR -activated signaling pathway is necessary in vivo to myogenic differentiation and muscle repair, through specific actions on the cytoskeletal architecture and fusogenic properties of myotubes. We also demonstrate that this pathway operates through RhoA inhibition and is tightly regulated via a controlled expression of NGF and p75 NTR during myogenesis.
MATERIALS AND METHODS
The following reagents were purchased as indicated: anti-p75 pAb from Chemicon International (Temecula, CA); anti-sarcomeric myosin MF20 mAb, anti-myogenin mAb from Developmental Studies Hybridoma Bank (University of Iowa, Iowa City, IA); anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mAb from Biogenesis (Poole, England); anti-proliferating cell nuclear antigen (PCNA) mAb from Santa Cruz Biotechnology (Santa Cruz, CA); anti-␣-sarcomeric actinin mAb from Sigma (Saint Louis, MO); anti-paxillin mAb from BD Biosciences (San Jose, CA); anti-focal adhesion kinase (Fak) pAb from Santa Cruz Biotechnology; anti-developmental myosin heavy chain (NCL-MyHCd) from Novocastra (Newcastle upon Tyne, United Kingdom); anti-laminin from Sigma; anti-GFP was from Invitrogen (Carlsbad, CA); anti-RhoA mAb from Santa Cruz Biotechnology. The coating substrates were the following: low factor matrigel and fibronectin were from BD Biosciences (San Jose, CA), laminin was from Invitrogen, type I collagen was from Sigma. Reagents for RNA extraction and RT-PCR were from Promega (Madison, WI); iQ SYBR green supermix for the real-time PCR was from Bio-Rad (Hercules, CA). In immunofluorescence analysis primary Abs were detected by appropriate Alexa-conjugated secondary Abs (Molecular Probes, Invitrogen, Eugene, OR). In immunoblot analysis primary Abs were detected by chemiluminescence with appropriate horseradish peroxidase-conjugated secondary Abs, all purchased from Bio-Rad. Cell culture media and sera were from Cambrex (Walkersville, MD). The transfection reagents LTX and PLUS were from Invitrogen. The plasmid pEGFP-RHOV14 was a kind gift from Dr. Germana Falcone (Italian National Research Council, Naples, Italy). The NGF was from Alomone Labs (Jerusalem, Israel). The sequence of cyclic decapeptide antagonist of NGF binding to p75 NTR was previously described (Botchkarev et al., 2003) ; for animal injections, cyclic decapeptides were modified by N-terminal conjugation to an undecapeptide (11-mer) viral TAT4 permeabilization sequence, which facilitates tissue penetration, and TAT4 alone was synthesized as the control peptide (Turner et al., 2004) : all these peptides were synthesized by R.L.. The Hoechst dye cardiotoxin (CTX) and l-␣-lysophosphatidic acid (LPA) were from Sigma; cell-permeable C3 transferase (recombinant protein) was from Cytoskeleton (Denver, CO).
Satellite Cell-derived Myogenic Precursors Culture, Infection, and Transfection
Satellite cell-derived myogenic precursors were isolated from newborn wildtype (wt) mice of the CD1 strain as previously described (Cossu et al.,1980) and plated on a coating of low factor matrigel. Cells were grown in proliferation medium (DMEM supplemented with 20% fetal bovine serum, 3% chick embryo extract, 100 U/ml penicillin, 100 g/ml streptomycin, and 50 g/ml gentamicin), and after 3 d of culture they were switched to the differentiating medium (DMEM supplemented with 2% horse serum, 100 U/ml penicillin, and 100 g/ml streptomycin).
Satellite cell-derived myogenic precursors were treated with NGF (50 ng/ml), the blocking antibody anti-p75 pAb (1:100) and the blocking peptide (50 mM), either constantly in proliferation medium or for 12 h in differentiating medium for the postfusion experiments.
Satellite cell-derived myogenic precursors to be injected into mice (see Regeneration Assay below) were plated at high density and infected with the lentiviral vector pRRLCMVLacZ (Galvez et al., 2008 ; MOI ϭ 10) 24 h after isolation; the day after they were transfected with pRHOV14 plasmids or the empty vector (Vartiainen et al., 2000; Castellani et al., 2006) by using LTX and PLUS reagents; after 8 h they were injected in the crushed tibialis anterior muscle (TA) and part of them were induced to differentiate in vitro in order to test the effects of RHOV14 protein on myoblasts fusion after 12 h of differentiation.
Quantification of NGF Protein by ELISA
NGF was quantified in the supernatant of satellite cell-derived myogenic precursors, both during proliferation and at different time points of differentiation. A commercially available NGF-specific, highly-sensitive, two-site ELISA kit was used following the manufacturer's instructions (Promega). The optical density was measured in duplicate at 450 nm. The detection range was 7.8 -500 pg/ml.
RT-PCR and Real-Time PCR
RNA (1 g) was collected from primary satellite cell-derived myogenic precursors using an SV total RNA isolation system (Promega) and subsequently converted into double-stranded cDNA using the cDNA synthesis kit ImProm II Reverse Transcription System (Promega), according to the manufacturer's instructions. The primers used for NGF, p75
NTR TrkA, and Mlc1F amplification were previously described (Syroid et al., 2000; Deponti et al., 2007) . The primers used for the amplification of p75NTR and the ribosomal subunit 36BA in real-time PCR were the following: P75 NTR Fw: 5Ј-cattgtggagagcctgtg-3Ј and Rev 5Ј-ctcggttctgactgttgg-3Ј; and 36BA Fw: 5Ј-aggatatgggattcggtctcttc-3Ј and Rev: 5Ј-tcatcctgcttaagtgaacaaact-3Ј.
Immunofluorescence
Immunofluorescence on the various cell cultures was performed using antibodies specific for sarcomeric myosin MF20, green fluorescent protein (GFP), paxillin, Fak, and ␣-actinin as described (Pisconti et al., 2006) .
The fusion index of differentiating satellite cell-derived myogenic precursors was measured as the number of nuclei in sarcomeric myosin-expressing cells with more than two nuclei versus the total number of nuclei (Pisconti et al., 2006) .
Protein Extraction and Immunoblot Analysis
Satellite cell-derived myogenic precursors were homogenized in a buffer containing 50 mM Tris-HCl, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP40, pH 7.4, supplemented with protease inhibitor cocktail (Roche Diagnostics, Alameda, CA) and centrifuged at 14,000 rpm at 4°C for 10 min to discard cellular debris. Protein concentration in the extracts was determined using BCA protein assay from Perbio (Bezons, France). Sample preparation and Western blot analyses were carried out as previously described (Pisconti et al., 2006) . After electrophoresis polypeptides were electrophoretically transferred to nitrocellulose filters (Schleicher & Schuell, Dassel, Germany) that were blocked in 5% fat-free milk for 1 h at room temperature and then incubated with the respective primary antibody for 2 h at room temperature.
RhoA-GTP Pulldown Assay
Satellite cell-derived myogenic precursors were switched into the differentiating medium, and after 24 h of differentiation the medium was removed and replaced with fresh serum-free medium in order to eliminate endogenous NGF; myotubes were treated with NGF (50 ng/ml), the competing peptide (50 mM), and the blocking antibody (1:200) in three separate experiments: cells were collected at time 0 and after 10 and 20 min of treatment and processed for RhoA-GTP pulldown, carried out using the Rhotekin binding domain affinity precipitation assay according to the manufacturer's protocol (Cytoskeleton). The reversion of RhoA activation induced by NGF antagonist was performed by pretreating myotubes with the cell-permeable form of C3 transferase (1.5 g/ml for 4 h in serum-free medium; myotubes were also treated with LPA (1 g/ml) for 10 min as positive control for RhoA activation.
Quantification of Rho-GTP levels was performed also in the regenerating TA according to the same protocol.
Regeneration Assay
To evaluate the ability of the satellite cell-derived myogenic precursors to participate to the regeneration process in vivo, injury was performed on the TA of 3-mo-old CD1 mice by injecting 25 l of 10 M of CTX. Two types of experiments were carried out: in the first, mice were injected in the damaged TA with 1 mg/kg the tissue-permeable form of the p75 NTR -competing peptide p75 NTR TAT4 in one leg and the TAT4 control peptide in the other leg. Injections were performed every day for 16 d after CTX injection. Mice (n ϭ 4) were killed at 6, 10, and 16 d after the CTX injection: histological analysis was performed at all time points, whereas Rho-GTP levels were measured only at day 6. In the second type of experiments mice were injected in the TA with ␤-galactosidase (␤-Gal)-overexpressing satellite cell-derived myogenic precursors prepared as described above: the injection was performed 48 h after CTX treatment, and muscles were collected after 3 additional days and stained for ␤-Gal activity (n ϭ 6).
Histology and Immunostaining
TA were dissected from CTX-injected mice and frozen in liquid N 2 -cooled isopentane. Serial muscle sections (8 m) were stained for Azan Mallory and in hematoxylin-eosin (H&E) as previously described (Sciorati et al., 2006) .
Sections were also stained for laminin and embryonal myosin for the regeneration experiments, whereas staining for ␤-Gal activity was performed on sections of TA injected with ␤-Gal-overexpressing satellite cell-derived myogenic precursors, according to a previously described protocol (Pisconti et al., 2006) .
RESULTS

Primary Satellite Cell-derived Myogenic Precursors Up-Regulate Expression of NGF and p75 NTR during Their Differentiation into Myotubes
We investigated p75 NTR , TrkA, and NGF expression, as well as NGF secretion in primary myogenic precursors isolated from newborn mice and induced to differentiate on a matrigel coating. The extent of myogenic differentiation was assessed by measuring the expression of myogenin and myosin light and heavy chains ( Figure 1, A and B) .
Proliferating satellite cell-derived myogenic precursors expressed p75 NTR (both mRNA and protein), and this expression increased during differentiation (Figure 1, B-D) . In parallel, we observed high levels of NGF transcripts throughout differentiation ( Figure 1A ) and increased NGF secretion by primary satellite cell-derived myogenic precursors during differentiation (from 60 to 250 pg/ml; Figure 1E ).
These results indicate that both NGF and p75 NTR are expressed by primary myoblasts and that their expression increases during differentiation. By contrast, TrkA was found to be expressed neither by proliferating myoblasts nor by differentiating myotubes at any stage ( Figure 1A ).
NGF Regulates Myoblasts Fusion and Myotube Cytoskeletal Organization
To investigate the role of NGF/p75 NTR signaling in myogenic differentiation, satellite cell-derived myogenic precursors were differentiated in the absence or presence of NGF (50 ng/ml), a peptide that competes with NGF binding to receptors, thus inhibiting its activity (peptide; 50 mM; Botchkarev et al., 2003; Turner et al., 2004) or of a p75 NTR -blocking Ab (anti-p75; 1:100; Pehar et al., 2004) . After 12 h the expression of the myogenic markers sarcomeric myosin (MF20) and myogenin were assessed, and the myogenic fusion index was calculated (Figure 2, A-C) .
Exposure to NGF, its blocking peptide, or the p75 NTRblocking Ab did not change significantly the expression of the myogenic markers investigated, as revealed by both immunofluorescence and Western blotting analyses ( Figure  2, A and B) . By contrast, inhibition of NGF/p75 NTR signaling with either the peptide or the antibody significantly reduced the fusion index (Figure 2 , B and C). Exogenously added NGF did not significantly increase fusion, suggesting that the effects mediated by the endogenous NGF secreted during differentiation (Figure 1 , A and E) was already maximal. These results indicate that NGF signaling controls a specific event of myogenesis, i.e., fusion of myogenic cells during myoblasts differentiation.
Because NGF and p75 NTR are strongly expressed in the late phases of myogenic differentiation, we investigated whether their signaling is required also for postfusion events.
Primary satellite cell-derived myogenic precursors were allowed to differentiate into myotubes on matrigel coating for 12 h and then were treated with NGF, its competing peptide, or the p75 NTR -blocking Ab. Both blockers of NGF signaling induced significant changes in the morphology of the myotubes, which became rounded in shape with centrally located nuclei ( Figure 2D ), suggesting a role for NGF as a regulator of the adhesion properties of the myotube and/or its cytoskeletal architecture.
We investigated this possibility in detail by analyzing adhesion of myotubes on different coating substrates, namely laminin, collagen I, and fibronectin. The change in morphology after NGF signaling blockade was evident on all coating substrates ( Figure 2E ), suggesting that such an effect is not restricted to specific adhesion molecules.
We next examined whether blockade of the NGF/p75 NTR signaling affected cytoskeletal organization, by assessing the NTR protein levels during early and late differentiation. (E) Conditioned medium from proliferating and differentiating satellite cell-derived myogenic precursors was collected at different time points (P ϭ proliferating; 1 d, 3 d, and 5 d ϭ days of differentiation), and the NGF produced and released by the cells was quantified by ELISA: increasing amounts of NGF were found in the medium from a minimum of 60 Ϯ 25 pg/ml in proliferating condition to a maximum of 250 Ϯ 35 pg/ml at the latest stage of differentiation (5 d). Error bars, SEM. *p Ͻ 0.05 versus proliferating satellite cell-derived myogenic precursors; n ϭ 4. intramyotube distribution of ␣-actinin, paxillin, and Fak: paxillin and Fak are components of focal adhesion sites and contribute to the formation of costameres (Quach and Rando, 2006) , whereas ␣-actinin is a component of myofibrils and its distribution is representative of sarcomeric organization. In myotubes treated with the blocking antibody and peptide the distribution of ␣-actinin was affected, and the sarcomeres appeared less organized, whereas paxillin and Fak accumulated in clusters, particularly at the terminal extremities of the myotubes ( Figure 2F , Supplemental Figures S2-S4) .
A significant role in cytoskeletal organization, in particular that of focal adhesions, is played by small RhoGTPases (, Ridley and Hall 1992) . We found that the effects of NGF/ p75NR blockade on cytoskeletal organization were similar to those observed with LPA, a known trigger of RhoGTPase activity (Moolenaar, 1995;  Figure 2F ; Supplemental Figures  S2-S4 ). Among RhoGTPases, RhoA plays prominent roles in regulating actin organization and stress fiber formation in fibroblasts (Ridley and Hall, 1992) and smooth muscle cells (Worth et al., 2004; Pacaud et al., 2005) ; furthermore, it regulates myoblast fusion by modulating M-cadherin expression (Charrasse et al., 2006; Fortier et al., 2008) and may affect myotube morphology (Castellani et al., 2006) .
RhoA Mediates NGF/p75
NTR Signaling during Muscle Differentiation We investigated whether NGF/p75 NTR acted through RhoA. Myotubes were treated with NGF (50 ng/ml), the blocking antibody (1:200), or the NGF-competing peptide (50 mM) for 10 and 20 min, and RhoA activation was assessed by measuring by the levels of active RhoA-GTP in pulldown experiments. NGF decreased RhoA-GTP levels, whereas the blocking antibody and the competing peptide increased them (Figure 3, A and B) . These increases were reversed by the treatment with the RhoA inhibitor exoenzyme C3 (Figure 3, C and D; Aktories et al., 2000) . The treatment with exoenzyme C3 also reversed the reduction in the fusion index (Supplemental Figure 5, A and B) and in the changes in the shape of myotubes (Supplemental Figure 5C ) observed when NGF/p75 NTR signaling was inhibited. Taken together, these results indicate that the binding of NGF to p75 NTR inhibits RhoA-GTP levels and that this inhibition mediates the effects of the growth factor on myoblast fusion and myotube structural organization.
P75 NTR to RhoA Signaling Sustains Skeletal Muscle Regeneration In Vivo
We investigated whether the effects of NGF/p75 NTR signaling observed in vitro had a biological role in vivo.
We investigated the de novo myogenesis that occurs during skeletal muscle regeneration; to stimulate regeneration, CTX (10 M) was injected in the TA, thus inducing reversible muscle damage; a tissue-permeable form of the NGFcompeting peptide (p75 NTR TAT4) or the control peptide TAT4 were injected in the right and left TA, respectively, each day starting 48 h after damage (n ϭ 4). Mice were killed 6, 10, and 16 d after CTX injection, the TA were collected, Figure 2 . NGF signaling is required for satellite cellderived myogenic precursors fusion but not for differentiation. (A) Satellite cell-derived myogenic precursors were grown on matrigel and treated with NGF, 20 and 50 ng/ml, and with the blocking peptide, 50 mM (peptide); after 3 d in proliferation medium they were switched into the differentiating medium for 12 h and then lysed in order to test the expression of proteins involved in proliferation (PCNA) or differentiation (myogenin and sarcomeric myosin) of myoblasts, by Western blot. (B) Satellite cell-derived myogenic precursors were grown on matrigel and constantly treated with NGF, p75 NTR -blocking antibody 1:100 (p75 Ab), and with the blocking peptide 50 mM (peptide); after 3 d in proliferation medium they were switched to the differentiating medium for 12 h, and then they were fixed and immunostained for sarcomeric myosin (MF 20). Scale bar, 100 m. (C) The fusion index of the experiments in B was calculated as the number of nuclei in myotubes with more than two nuclei per myotube derived from myoblasts treated with the blocking antibody, the blocking peptide, or NGF. (D) Primary satellite cell-derived myogenic precursors were allowed to fuse for 12 h in differentiating medium, and then they were treated with the blocking antibody (p75 Ab) and the blocking peptide (peptide) for the next 12 h; they were fixed and immunostained for sarcomeric myosin (MF 20). Scale bar, 100 m. (E) Primary satellite cell-derived myogenic precursors were grown on different extracellular matrix components: fibronectin, laminin, collagen I, and matrigel; they were allowed to fuse for 12 h in differentiating medium, and then they were treated or not with the blocking antibody. Scale bar, 100 m. (F) Primary satellite cell-derived myogenic precursors were allowed to fuse for 12 h in differentiating medium and then treated with the blocking antibody, the blocking peptide, and LPA for the next 12 h; myotubes were fixed and immunostained for ␣-actinin, paxillin, and Fak. The pictures are magnifications of the myotubes edges represented in Supplementary Figures S2-S4 . Scale bar, 50 m. Error bars, SEM.**p Ͻ 0.05 and ***p Ͻ 0.001, respectively, versus untreated control; n ϭ 4. and regeneration was assessed by staining with H&E, AzanMallory, and after immunostaining for embryonic MHC (hallmark of early regeneration) and laminin. Six days after CTX injection regenerating centro-nucleated fibers are present in the control, whereas no regeneration is apparent in the muscles treated with the blocking peptide ( Figure 4A) ; at 10 d regeneration appeared also in the p75 NTR TAT4-treated animals, however, it was significantly less than in controls (Figure 4 , A and B) with a persistence of embryonic MHC ( Figure 4C ). After 16 d the muscle fiber organization was completely restored in the control muscle, whereas in the p75 NTR TAT4-treated ones early regenerating fibers could still be detected ( Figure 4A ). Moreover, increased levels of RhoA-GTP were found in p75 NTR TAT4-treated TA, 6 d after CTX damage ( Figure 4D ): these results suggest that the binding of NGF to p75 NTR modulate muscle regeneration by regulating RhoA activity in vivo as well as in vitro.
We investigated the cell-autonomous role of RhoA in the proregenerative action of NGF. Primary satellite cell-derived myogenic precursors, infected with a lentiviral vector expressing ␤-Gal, were transfected with pRHOV14, a constitutive active isoform of RhoA (Castellani et al., 2006) , or its control vector. We tested the myogenic potential and the fusion abilities of these myoblasts in vitro by inducing differentiation and measuring the fusion index: the expression of RHOV14 decreased the fusion index (Figure 4 , E and F) without affecting proliferation (data not shown) indicating a cell-autonomous effect of RhoA. Cells were then injected in the TA of host mice 48 h after CTX treatment, and muscles were collected after 3 additional days. Satellite cell-derived myogenic precursors expressing the control vector fused to the host muscle fibers with a significantly enhanced efficiency compared with myogenic precursors overexpressing constitutively active RhoA (Figure 4, G and H, and Supplemental Figure S6 ). These results indicate that constitutive RhoA activation inhibits muscle regeneration in vivo by acting on myoblasts fusion and that NGF signaling contributes to muscle regeneration in vivo by modulating this small GTPase.
DISCUSSION
In this study we addressed a long-standing but still open question in the biology of skeletal muscle, that is, the role played by NGF in regulating muscle differentiation and repair. Such a role is suggested by strong morphological evidence of NGF and p75 NTR expression during developmental myogenesis and their reexpression in adult regenerating muscle fibers of patients with muscular dystrophy and inclusion-body myositis (Baron et al., 1994; Toti et al., 2003; Chevrel et al., 2006; Lavasani et al., 2006) . Morphological observations, however, were not supported so far by conclusive functional studies, because the three studies addressing this issue Rende et al., 1999 Rende et al., , 2000 yielded inconclusive and conflicting results and did not define the molecular correlates to the phenomenological observations. Moreover, they were carried out using myoblast-derived cell lines that mimic only in part the actual behavior of myogenic cells in vivo. In addition, two of these studies used L6-derived myoblasts, where dissection of NGF-dependent effects was hampered by coexpression of both the high-and low-affinity neurotrophin receptors (Rende et al., 1999 (Rende et al., , 2000 . We decided to use a completely different approach in which we used primary mouse satellite cell-derived myogenic precursors and confirmed the biological relevance of the evidence obtained in vitro using an in vivo model of regeneration. Such a strategy allowed us to unambiguously demonstrate that NGF plays a specific role in increasing the ability of myogenic precursors to repair damaged muscle, by regulating their cytoskeletal architecture and enhancing their fusogenic potential. Furthermore, the fact that mouse myogenic precursor cells do not express the high-affinity trk receptors allowed for a clear-cut definition of the role and mechanism of action of p75 NTR in mediating NGF muscular actions. Thus we established that these actions of NGF are mediated through a p75NTR-dependent inhibition of RhoA signaling in vivo.
These observations shed light on several important aspects of NGF function in skeletal muscle. The first is that the NGF/p75NTR-signaling pathway appears to be regulated in a coordinated way during differentiation, because myogenic precursors were found to express increasing amounts of both NGF and p75NTR during the process: interestingly, the NGF generated was released in the medium to act in an autocrine way on its receptor to stimulate fusion. The effect of NGF was selective because it did not affect the expression of proteins involved in differentiation such as myogenin and myosin. In addition, the up-regulation of this pathway appears to have long-lasting effects even after the establishment of myotubes. In particular, we found that inhibition of NGF signaling after completion of the fusion process led to the formation of abnormally shaped myotubes, characterized by an aberrant cytoskeletal organization, specifically at the level of the sarcomere and costamere organization, which were assessed, by evaluating ␣-actinin expression and paxillin and Fak expression, respectively (Quach and Rando, 2006) .
Another important aspect emerging from our studies is the identification of RhoA as the key intermediate transducer regulated by NGF. Although RhoA had been previously associated with NGF signaling through p75 NTR in neurons (Yamashita et al., 1999) , this is the first time that such a link was established in muscle. Our results clearly show that both the NGF-stimulated fusion and the alterations of cytoskeleton with formation of myosac-like myotubes required RhoA inhibition. A role of RhoA in modulating myoblasts fusion was recently reported, in particular that constitutive RhoA activation inhibited fusion and caused the formation of myosac-like myotubes (Castellani et al., 2006; Charrasse et al., 2006; Fortier et al., 2008) . Our results now identify the signaling events upstream RhoA and show how this GTPase is regulated by autocrine signals.
The evidence from our in vivo experiments shed further light on the biological function of NGF in muscle homeostasis. The fact that NGF and p75 NTR are reexpressed in dystrophic and inclusion body myositis muscle when regeneration occurs suggested the idea that this signaling is crucial whenever enhanced myoblasts function is required to repair damaged fibers. Our results in the CTX model of damage now demonstrate that this is the case since the tissue-permeable form of NGF antagonist delayed muscle regeneration, with persistence of embryonic myosin and a decreased number of regenerating fibers.
The delay in regeneration we observed was due to inhibition of myoblasts fusion and hyper-activation of RhoA, as confirmed by the injection of TA with primary myoblasts transfected with a constitutive active form of RhoA, which mimics the activation of RhoA induced by the block of NGF signaling. In these experiments, the use of ␤-Gal-expressing exogenous myoblasts allowed to estimate their integration into the regenerating fibers by assessing their ␤-Gal positivity. Myoblasts in which RhoA is hyperactivated, showed a decreased fusion index in culture and a reduced integration into damaged myofibers.
In conclusion, our experiments demonstrate that the signaling of NGF through its low-affinity p75 NTR receptor mediated by RhoA in muscle cells and is required for physiological myoblast fusion and to maintain a functional cytoskeletal organization of myotubes; these effects have a particular relevance in vivo during damage where myogenic precursors need to get activated and to fuse to existing myofibres in order to contribute to the formation of fibers with a functional contractile apparatus and allow an efficient repair of damaged areas of skeletal muscle. These observations therefore add novel and important information on the biological function of a signaling pathway, which is present during developmental myogenesis and is turned on in adult life every time skeletal muscle needs to be remodeled.
